Background: Real-time detection and classification of apneic episodes remain significant challenges. This study explores the applicability of a novel method of monitoring the respiratory effort and dynamics for rapid detection and classification of apneic episodes. Methods: Obstructive apnea (OA) and hypopnea/central apnea (CA) were induced in nine tracheostomized rats, by short-lived airway obstruction and administration of succinylcholine, respectively. Esophageal pressure (EP), EtCO 2 , arterial O 2 saturation (SpO 2 ), heart rate, and blood pressure were monitored. Respiratory dynamics were monitored utilizing three miniature motion sensors placed on the chest and epigastrium. Three indices were derived from these sensors: amplitude of the tidal chest wall displacement (TDi), breath time length (BTL), that included inspiration and rapid expiration phases, and amplitude time integral (ATI), the integral of breath amplitude over time. results: OA induced a progressive 6.42 ± 3.48-fold increase in EP from baseline, which paralleled a 3.04 ± 1.19-fold increase in TDi (P < 0.0012), a 1.39 ± 0.22-fold increase in BTL (P < 0.0002), and a 3.32 ± 1.40-fold rise in the ATI (P < 0.024). During central hypopneic/apneic episodes, each sensor revealed a gradual decrease in TDi, which culminated in absence of breathing attempts. conclusion: Noninvasive monitoring of chest wall dynamics enables detection and classification of central and obstructive apneic episodes, which tightly correlates with the EP.
a pneic episodes frequently occur in newborn infants, especially in premature infants, and are classified as central (CA), obstructive (OA), or mixed apneic events (1) (2) (3) . These episodes can potentially lead to significant multisystem morbidity, such as poor neurodevelopment, retinopathy of prematurity, and impaired growth (3) (4) (5) . In older infants, apneic episodes are associated with apparent life-threatening events (6, 7) . Interestingly, the incidence rate of sudden infant death syndrome declined from 142.9 to 54.6 deaths per 100,000 live births between 1984 and 2004 (8) . However, the rate of accidental suffocation and strangulation in bed, many of which are potentially preventable, increased from 2.8 to 12.5 deaths per 100,000 live births within the same time period (8) . Similar trends were also reported by others (9) .
Current monitoring methods in use for premature infants and sick term infants in intensive care units (ICUs) rely on measures of oral/nasal airflow, end-tidal CO 2 (EtCO 2 ), cardiorespiratory functions (impedance, heart rate, blood pressure), and pulse oximetry. CA diagnosis is known to be fast and effective when using these monitoring methods. However, hypopnea and OA are usually suspected only after significant hypoxemia and bradycardia are present (4, 10, 11) , as observed in infants monitored during sudden death and apparent lifethreatening events (12) (13) (14) .
To date, there is no simple and precise modality for early detection of OA (15) (16) (17) . While measurement of the esophageal pressure (EP) is the gold standard for quantification of the respiratory effort and for classification of apneic episodes (18, 19) , it is invasive and causes discomfort. Polysomnography is currently the common method for evaluating the type, source, and severity of apneic episodes in sleep studies in infants and older children (20, 21) . This technique monitors respiratory parameters, such as nasal airflow, respiratory effort (with bands around the chest and abdomen), peripheral pulse oximetry, heart rhythm (ECG), electroencephalography, eye movements, and muscle activity (electromyography). However, it is still difficult to perform polysomnography in young pediatric patients, due to lack of cooperation and technical difficulties that multiparameter recordings present (22) . In addition, it is important to note that the interpretation and diagnosis of the sleep data are usually done off-line, at the end of the recording.
Recently, we have described the feasibility and clinical relevance of monitoring chest wall dynamics for early detection of deteriorating ventilation (23, 24) , by means of miniature motion sensors (accelerometers) attached to both sides of the chest and abdomen of animals (23) or of newborn infants (24) . Deteriorating ventilation was detected by monitoring the amplitude (tidal volume) and symmetry (distribution) of the ventilation (23, 24) . The objective of the present study was to explore the utility of these miniature motion sensors in realtime monitoring, detection, and classification of central and obstructive apneic and hypopneic episodes, in spontaneously breathing rats.
RESULTS
Altogether, 43 OA events and 14 central hypopneic/apneic events were induced and monitored in nine rats (mean weight: 313 ± 46 g). However, all the events induced and monitored in each rat were considered a single experiment (n = 9). Figure 1 presents the raw data from one OA experiment. OA was imposed after 153 s of baseline recording and was released after 24 s. During the occlusion, no EtCO 2 signals were detected, apart from a short-lived signal imposed when the sampled air shifted from the collecting tube to the sensor within the air gas monitor. The motion sensor signals corresponded well to the EP deflections during baseline, obstruction, and recovery periods. Typical changes during OA included a significant, progressive increase in the amplitude, and widening of the breath cycle, as demonstrated by both the EP and chest wall dynamics measurements. Figure 2 presents the raw data from one central hypopneic/ apneic episode. IV succinylcholine injection began at t = 58 s (first arrow) and induced a progressive decrease in the respiratory effort, resulting in hypopnea at t = 113 s (second arrow), followed by apnea with no breath signals, at t = 208 s (third arrow). Figure 3 compiles the tidal displacement index (TDi) and EP measurements from the obstructive (Figure 3a,b) and CA (Figure 3c,d ) experiments (n = 9). An overt 3.04 ± 1.19-fold increase (P < 0.0012) in TDi relative to baseline was obtained in the first breath during OA, which further escalated during successive breath attempts, as shown in Figure 3a . In parallel, the EP amplitude significantly increased by 6.42 ± 3.48-fold (P < 0.0016) in the first breath taken during the obstruction episodes and continued to grow during successive breath attempts, as shown in Figure 3b . As expected, an overt decrease in TDi was measured during the central apneic episodes (Figure 3c) , and a similar decline in the EP was observed (Figure 3d OA induced a significant and consistent widening of the breath signals, as shown in Figure 4a . The breath time length (BTL) was 470 ± 65 msec at baseline and increased to 656 ± 107 msec (+39.6 ± 22.8%; P < 0.0002) after the obstruction. In the central hypopneic/apneic events, the BTL slightly increased from 436 ± 78 to 560 ± 104 msec after the injection of succinylcholine, as shown in Figure 4b but failed to reach any statistical significance (P = 0.83). All the indices measured during the obstructive episodes are presented in Figure 5 . Overt changes in EP and in the motion sensor indices were observed in all cases (100% sensitivity, no false positive). Interestingly, a significant decrease in blood pressure (deviation >20%) was measured in all cases. This hemodynamic decompensation required relief of the obstruction even before a significant (>5%) decline in the arterial O 2 saturation (SpO 2 ) was detected, leading to a lower sensitivity (77%) for the SpO 2 . The changes in the EP, EtCO 2 , and the motion sensor indices were detected immediately within the first breaths after initiation of obstruction (1.41 ± 0.30 s for EP and 1.07 ± 0.26 s for TDi and ATI), as shown in Figure 5b . The hemodynamic changes (heart rate and BP) and the decline in SpO 2 were only observed more than 10 s after obstruction; a 5% decline in SpO 2 was detected only after 13.3 ± 5.2 s. Thus, the changes in EP and 
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Articles in chest dynamics were not only the most sensitive but also enabled earlier detection of obstruction.
Near-Fatal Obstruction Episodes
Six of the 43 OA events, in three of the nine rats, evolved into complete cessation of breathing efforts, as in CA. These events were associated with a severe decrease in BP and SpO 2 , as depicted in Figure 6 . Although the obstruction was rapidly removed, spontaneous recovery did not occur. In all these cases, manual ventilation with a self-inflating bag was required to resuscitate the rats and to stop the vicious cycle, where OA yielded severe hypoxemia of the brain stem with CA. It is interesting to note that in all these six cases, there was an abrupt changeover from OA with vigorous chest movement, to CA with no noticeable respiratory motion.
DISCUSSION
The present study established the feasibility of rapid detection and classification of apneic episodes utilizing a novel noninvasive, respiration dynamics monitoring system that employs miniature motion sensors, in animals (rats) that are smaller than premature infants. The detection and classification of hypopnea, CA, and OA events were based on three simple and intuitive parameters: the TDi, BTL, and ATI. The measured changes in these parameters were in tight correlation with the changes in the esophageal pressure, during both obstructive and pseudocentral apneic episodes. These indices also enabled rapid detection of the obstructive episodes, within the first breath cycles, and thus can provide early alarm, before the development of severe respiratory failure (3-7).
Polysomnography, which measuring thoraco-abdominal dynamics in conjunction with airflow, is considered the gold standard for identifying and assessing the severity of apneic episodes (4, 10, 16, (20) (21) (22) . While thoraco-abdominal asynchrony is expected during obstructive episodes in adults (25) , neonates and infants may normally exhibit this type of breathing (10) . In parallel to the reported modest success of polysomnography in detecting obstructive sleep apnea, some published works have demonstrated inaccurate detection in infants, with low specificity of 10.9% (ref. 10). Plethysmography is not in routine clinical practice in neonatal ICUs, since it is cumbersome in the ICU setting, and the bands cause friction and irritation of the tender infant skin, and may restrict the breathing of premature infants.
Monitoring chest wall dynamics using the mechanical indices presented here enables precise detection of the initiation and progression of OA s and identification of central hypopneic/apneic events in the rat model. We have shown in the past that TDi correlates with both tidal volume and inspiratory pressure (23, 24) . Here, we show that TDi also correlates with the EP. Thus, the suggested TDi and ATI measurements can be used as a surrogate for the EP method, and can be obtained with small sensors suitable even for the smallest premature infants (24) .
Airway obstruction induced a significant increase in the duration of each breath, as a consequence of the need to recruit and to increase the activity of the respiratory muscles in efforts to overcome the obstruction. OA in adults is associated with an increase in inspiratory time; a 10% prolongation of the inspiratory phase of the nasal flow, relative to baseline, can classify obstructive episodes with sensitivity and specificity of 72 and 77%, respectively (26) . In the present preclinical study, we obtained an overt 39.6 ± 22.8% prolongation of the BTL that was extrapolated from chest wall dynamics measurements, and not from nasal airflow. Moreover, the method described here proved highly sensitive and successfully differentiated between obstructive and central apneic episodes. Obviously, the applicability of these preclinical findings and the suggested noninvasive monitoring method must be tested in clinical trials. The integral of the amplitude of the chest wall movement over the breath cycle, denoted as the ATI, integrates the effects of the interventions on the amplitude and the length of the breath cycles. While the TDi provides information relating to the peak amplitude of the local displacement, the ATI assesses the respiratory energy expenditure. The ATI concept is founded on muscle physiology and is analogous to the "stress-time integral" that is used to assess skeletal or cardiac muscle energy expenditure (27, 28) . During an isovolumic regime, cardiac energy consumption is proportional to the stress-time integral (27, 28) . Similarly, in the presence of airway obstruction, respiratory muscles work at an apparently isovolumic regime.
CA can be easily detected by current monitoring systems that measure transthoracic impedance. However, hypopneic and obstructive apneic episodes are usually suspected only when bradycardia and hypoxemia are present, and the infants are already in severe distress or faint (7, (12) (13) (14) 17, 29) . Repeated occurrences of hypoxemic episodes have been associated with impaired neurodevelopment, including mental retardation, cerebral palsy, blindness, growth retardation, and severe learning difficulties (4, 15, 17, 30, 31) . Thus, timely detection and characterization of hypopneic and apneic episodes is of utmost importance. Various modes of interventions have been explored in order to reduce hypoxemic episodes, including physical or sensory-neural stimulation (32), feeding practices (33), positioning (15, 17) , appropriate pharmacological treatment (5), or respiratory support. However, one of the main obstacles lies in correct identification and quantification of the severity of the apneic episodes, in a simple and practical manner. A means of timely detection of hypopneic episodes, which evolve to hypoxemia and bradycardia in premature infants, is still lacking, while the incidence of such events is still very high (4). Many agree that with the current monitoring methods, it is impossible to unambiguously detect OA or distinguish between obstructive or CA without concomitantly measuring airflow or nasal end-tidal CO 2 and respiratory effort (10, 34) . Our results strongly suggest that a distinction between obstructive and central apneic episodes can be achieved by monitoring the trends in TDi, BTL and ATI.
During our experiments, we documented episodes of "near-fatal obstruction", where short obstructive apneic episodes evolved into a terminal event of CA. An interesting phenomenon was observed; the transition from OA, with vigorous breaths, to complete CA was abrupt and unpredicted. There was no sign of fatigue, slowed breath rate or gradual decrease in the breath amplitude. In all six events of "near-fatal apnea, " the transitions to complete CA were instantaneous.
Pure obstructive events account for 4-13% of all apneic episodes, while 40-50% are mixed apneic episodes, in which a CA precedes OA (1-3,29) . The "near-fatal obstruction" observed here has not been described in the literature, and differs from the mixed apnea since the CA followed the OA. Moreover, in mixed apnea, the CA initiates from normal saturation, while in the "near-fatal obstruction," the CA evolved when there was already severe hypoxemia secondary to the OA, and is likely due to hypoxia in the medullary respiratory center. The significant advantages provided by the suggested monitoring modality include rapid detection and classification of the apneic episodes, within a few breath cycles, before the onset of severe hypoxemia and bradycardia. Obviously, these "near-fatal obstruction" events require more thoroughly investigations which fall beyond the scope of the current presentation.
Limitations
This study was performed in healthy rats, weighing 250-300 g, and therefore the translation to premature infants and to adults is not straightforward. However, the study aimed to investigate the utility of a noninvasive and simple means of early detection and classification of all types of apneic episodes. Apneic episodes are frequent in neonatal rat pups and other animal models, but are most probably of central type (depressed muscle activation) due to late development of the central and peripheral chemoreceptors (2, 35) . Therefore, we imposed unequivocal obstructive and central-type episodes in adult rats to test the feasibility of real-time detection and classification of these two distinct perturbations.
CA was induced by administration of a peripheral depolarizing muscle relaxant. Although this model was used by others (36, 37) , the pharmacokinetics of succinylcholine and its effects on the different respiratory muscles are obviously different from the dynamics of the respiratory muscles activation by the medullary respiratory center and the neural respiratory control system.
Conclusion
Continuous monitoring of chest wall dynamics, with noninvasive and miniature sensors, enables quantification of ventilation dynamics and immediate detection and characterization of episodes of OA, as well as hypopnea and CA. Monitoring the suggested novel mechanical indices enables quantification of the respiratory effort which demonstrated congruence with the cumbersome and moderately invasive measurement of the esophageal pressure. This study calls for further investigation of the presented method in clinical studies, to verify it applicability as a noninvasive alternative to esophageal pressure measurements, for detection and classification of apneic episodes and assessment of their severity.
Articles
METHODS
This study was approved by the Technion-Israel Institute of Technology Ethics Committee for the Care and Use of Animals. Male Sprague-Dawley rats were anesthetized using an intraperitoneal injection of ketamine 90 mg/kg, xylazine 10 mg/kg, and acepromazine (ACP) 10 mg/kg. A venous line was placed in the tail vein and a femoral arterial line was placed for blood pressure monitoring and gas sampling (Roche OPTI CCA, Mannheim, Germany). A tracheostomy tube was inserted and connected to a side stream end-tidal CO 2 (EtCO 2 ) monitor (Datex MultiCup, Helsinki, Finland). Rectal temperature was monitored and maintained at 36.0-37.5 °C, using a heating pad. Esophageal pressure (EP) was measured using a fluidfilled catheter (PE-50 polyethylene tubing) positioned at the midesophagus and connected to a pressure sensor (Millar Instruments, Houston, TX).
As previously described (23, 24) , chest wall and abdominal displacement were continuously monitored using three miniature accelerometers (Pneumedicare, Yokneam, Israel) that were placed on the right and left sides of the chest (midclavicular line at the forth intercostal space) and epigastrium. These accelerometers enable measurement of the local subsonic (below 20 Hz) wall motion, as well as the vibrations from the breath and heart sounds. From these signals, movement amplitude and breath time length can be measured. ECG, blood pressure (BP), EtCO 2 , and SpO 2 were continuously acquired and displayed on an anesthesia/ ICU monitor (Type CU8; Datex Ohmeda, Madison, WI).
Experimental Protocol
OA and CA episodes were induced, as detailed below, in each rat, and after each intervention, recordings continued until complete recovery to baseline values of all vital signs (heart rate, BP, EtCO 2 , and SpO 2 ).
Obstructive Apnea
OA was achieved by complete airway obstruction with an occluded endotracheal tube connector. Each episode of OA lasted no more than 30 seconds or until an overt decrease in BP or SpO 2 occurred. Time zero was defined as the time of endotracheal tube occlusion.
Central Hypopnea and CA CA was achieved by intravenous infusion of 0.1mg/kg succinylcholine (Succamethonium, Labessal, Portugal), as reported by others (36, 37) . Succinylcholine-induced progressive muscular paralysis evolved into transient complete apnea. If apnea did not occur after the initial infusion, the same dose was administered again. Hypopnea was defined as a decrease of >50% in the respiratory effort, as determined by the EP, relative to baseline (38) .
Time zero for the succinylcholine-induced CA episode was defined as the time when the first intravenous succinylcholine infusion was initiated. Because the response to succinylcholine significantly varied between animals, the time axis corresponding to hypopnea/CA was normalized and divided into 10 consecutive intervals of equal duration. The end of the tenth time segment was defined as the time point at which no respiratory motions were observed (CA). The mean amplitude of each index was calculated for each time segment of the succinylcholine-induced episodes.
The following indices were used for data analysis: TDi: the TDi represents the amplitude of the local tidal displacement during the breath cycle, at the site of measurement (right or left side of the chest and epigastric area).
BTL: the BTL is the total duration of the inspiratory and the rapid expiratory phases in each breath cycle signal.
ATI: the ATI is the integral of the instantaneous tidal displacement over time, along the entire respiratory cycle.
Statistical Analysis
Results are presented as mean ± SD. Differences within groups were assessed using the paired Student's t-test. A P value smaller than 0.05 was considered significant. A change greater than 20% from baseline was considered a significant deviation for the mean blood pressure, heart rate, respiratory rate, and end tidal CO 2 . Significant deviation for the SpO 2 was defined as a decline greater than 5% from the baseline level. As for the motion sensor parameters (TDi, ATI, BTL), an increase greater than 20% from baseline was used for determination of obstructive episodes, and a decrease greater than 50% defined central hypopneic/apneic episodes. The correlation coefficients between TDi and EP, and between ATI and EP, for both OAs and central hypopneas, were calculated for all experiments. The sensitivity is defined as the ratio of the true positive detections to the total imposed events, based on the above defined threshold levels. 
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